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ABSTRACT 

Experimental measurements of the absorption of sound in still air exhibit a distinct deviation 

from the theoretical predictions based on known classical and molecular relaxation absorption 

losses. Investigation of published laboratory data has verified that Kneser's theory for mole¬ 

cular relaxation accurately describes the absorption loss near and above the relaxation fre¬ 

quency. At frequencies less than about 0.1 of the relaxation frequency, a different mechanism 

becomes predominant and results in an absorption loss component which varies directly with the 

frequency and is essentially independent of humidity. The objective of the effort in this con¬ 

tract was to carry out a detailed experimental and analytical investigation of this anomaly to 

allow numerical calculations to be made of air absorption for a variety of atmospheric conditions 
in still air. 

An extensive literature survey has revealed that the anomaly is probably due to an as yet un¬ 

defined vibrational relaxation process in moist air. With this in mind experimental measure¬ 

ments of audible sound in air were made over the humidity range of 0 percent to 100 percent 

relative humidity. Analysis of the data from these measurements show the same type anomaly 

and the same agreement with Kneser's relaxation theory (single relaxation). The anomaly in 

these measurements is not as large as that of previous investigators. It is thought that the 

anomaly is due to the vibrational relaxation of nitrogen catalized by either water vapor, 

carbon diox.de, or a combination of both. To verify this a set of experiments needs to be 

performed in which both water vapor content and car'aon dioxide content can be accurately 

controlled. Experimental sound absorption measurement were also made in humid nitrogen at 

room temperature. The relaxation frequencies from these nitrogen measurements agree fairly 
well with values deduced from Harris' air data. 

A scheme based on previous data has been devised for predicting sound absorption in still air. 

Vertical profiles of air absorption utilizing real weather contitions have been made and reveal 

that the absorption coefficient at a given frequency on the ground quite often does not at all 

describe the sound absorption at higher altitudes. Also existing field data has been compared 

to the prediction scheme for sound absorption with fair agreement between the two. 
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1.0 INTRODUCTION 

1 .1 General Remarks 

A basic characteristic of sound propagation is the attenuation with distance due to 
various irreversible processes which remove energy from an acoustic wave and convert 
it to heat. Prediction of sound propagation in air over long distances has become a 
matter of increasing practical significance in several areas including: 

• Prediction of community noise levels around airports. 

• Analysis or acoustic detection of tactical equipment or aircraft. 

• Evaluation of very low frequency sound propagation in the 
atmosphere from rocket powered space vehicles or from 
natural sources such as tidal motion, earthquakes, wind 
storms, etc . 

• Investigation of the vertical propagation of sonic disturbances 
from signaling grenades or sonic booms. 

A number of studies on sound absorption in moist air have been carried out culminating 
recently in the extensive investigation by Professor C.M. Harris, Columbia University, 
(Reference 1) and the results of the past year's effort presented in this report. 

In the past year the literature has been surveyed extensively for previous work which 
is related to sound absorption in the atmosphere. This literature review has supplied 
many answers and has helped to direct the experimental efforts. A set of experiments, 
covering the humidity range of approximately 1.8 to 100 percent relative humidity, 
has been performed on sound absorption in air. The results have been tabulated and 
comparisons have been made to previous investigations. 

A set of engineering equations have been developed which is offered as a tentative 
solution for the description of sound absorption in humid air; however, there are 
several areas which need further investigation. Even though significant progress has 
been made, there are still many unsolved problems, and further refinement, along with 
further experimental data, is needed for the solution of these problems. 

In any program where it is necessary to make field measurements of sound, the absorption 
of sound by the atmosphere enters into these measurements. It is often necessary for design 
purposes to correct these measurements so as to know the sound pressure levels at the source. 
One example of this is for aircraft or helicopter flyovers. At times it is also necessary for 
detectability criterion to be able to predict the distance required for doubling of sound 
pressure levels, e.g., how much lower can a helicopter fly before the sound pressure 
level is doubled? In all of these problems a very large part of the total sound absorption 
is due to the internal structure of the molecules in air, i.e., molecular relaxation pro¬ 
cesses. In fact for free field propagation the molecular absorption is often the largest 
mechanism absorbing the sound energy, and the magnitude of the absorption is very 
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1.2 

dependent upon the ambient weather condition* Tt.*, i i , 

of the atmosphere are very important in ni,H * ! femPerature and humidity profiles 

outdoor sound I ^absorption d9^ can Jforth^^rorotgTafa^ 

trrc^hoTidX:«9; b0: rrr;"is rv,he 

absorption and molecular absorption are ali fcctZwrcrcirdishrfZ'd^url 
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Spreading Losses 

• Uniform spherical spreading (Inverse Square Law) losses 

• Non-uniform spreading 

reflection by finite boundaries 
refraction by non-uniform atmosphere 

- diffraction (scattering) by non-stationary atmosphere 

Absorption Losses 

Absorption by ground and ground cover 

Absorption by atmosphere 

“ classical absorption 
molecular relaxation absorption 

SSS~~S£Si-~ 
are ftxed and are fund,ans only of the propagation path distance, the humidity 
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content, and the temperature. Before the more variable propagation effects can be 
accurately accessed it is necessary to establish the proper values for the fixed absorp¬ 
tion losses. Following are short discussions of the various different propagation effects. 

1.2.1 Spreading Losses 

Uniform Spherical Spreading — In an ideal medium, the total sound power 
radiated through an expanding spherical wave front remains constant so that 
sound pressure levels are redu:ed by 6 dB each time the distance from the 
source doubles. Two effects cause deviations from this rule at small source 
to receiver distances which are within the "near field" . Firstly, the near 
field is a region in which the physical dimensions of the source region are 
important so that sound reaches the observer from various directions. Secondly 
at distances which are small compared with typical sound wavelengths, non- 
propagating hydrodynamic' pressure fluctuations amplify the apparent sound 
levels. 

* ^e^ectl0n ky Boundaries - If the source is within a few wavelengths of the 
ground, sound reflection effects will affect propagation characteristics. These 
include amplifications due to an effective increase in source power when the 
height is small compared with a wavelength and due to interference between 
the direct and reflected signals. Variations in the far field sound levels of up 
to 6 dB are possible. Theoretical predictions of this ground reflection effect 
have been verified experimentally (Reference 3). 

• Refraction by Non-Uniform Atmosphere - Atmospheric wind velocity and 
temperature gradients change the directionality characteristics of a source 
by bending the sound rays such as illustrated in Figure 1 . As noted in Figure 
lb, a "shadow zone" is formed in the presence of a negative vertical velocity 
of sound gradient caused by vertical changes in either wind speed or velocity. 
Conversely, a positive vertical velocity of sound gradient (Figure 1c) will 
cause the sound rays to be bent back towards the ground, resulting in a pheno- 
menon known as "focusing" . In the case of a negative temperature gradient the 
shadow zone is in the shape of a circle with the source as center; however, in 
the presence of wind the shadow zone is as illustrated in Figure 2. Here the 
shadow zone begins upwind and has the boundary as sketched. Downwind, 
however, there is a "focusing" of the sound rays similar to that shown in Figure 
lc. Within the shadow zone itself, the sound radiated by the source suffers an 
excess attenuation which approaches the constant value indicated in Figure 2 
at distances greater than about 1500 feet from the source. This excess attenua¬ 
tion is based upon a theoretical model outlined in References 4 and observed 
experimental data (References 5 and 6). 

Evidence of the reduced effect of refraction for air-to-ground propagation is 
reported in an extensive study of air-to-ground propagation losses by Sabine 
etal (Reference 6). They show that the fixed shadow-zone attenuation is 

3 
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Figure 1. 
Acoustic Ray Path Variation as a Function of Vertical Speed of Sound 
Gradient and Vertical Temperature Gradient 
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Figure 2. Excess Attenuation of Sound in an Upwind Shadow Zone 

) 

5 
I 



reduced by a factor of 2 to 10 for sound source elevation angles greater than 
5 degrees. This trend is also verified by theory as shown in Figure 1 where 
it is clear that rays with an initial direction approaching the vertical are 
refracted much less than those with a more horizontal initial angle. 

• Scattering by Non-Stationary or Turbulent Atmosphere - Turbulence scatter- 
ing is a further important source of atmospheric attenuation for low frequency 
sound. It does not involve a dissipation of sound energy, but a redirection of 
it. Its principal effect, on a directional sound field, is to equalize acoustic 
energy propagating in all directions at large distances from the source. This 
is a direct result of the scattering of the sound field by the non-uniform sound 
velocity distributions in atmospheric turbulence. Thus, a highly directional 
sound profile can be gradually rounded out, tending to a non-directional 
pattern at great distances from the source. This scattering or redistribution of 
sound energy is, in fact, the basis for a finite limitation in the excess attenua¬ 
tion in a shadow-zone discussed in the previous paragraph. This scattering loss 
phenomena has been analyzed in some detail and has led to tentative empirically- 
derived expressions for the apparent propagation loss, (Reference 1). In the 
frequency range of 60 - 100 Hz, the observed scattering loss coefficient for 
ground to ground propagation of sound is of the order of 0.4 dB/1000 ft. This 
appears to be a characteristic frequency range for maximum scattering attenua¬ 
tion for ground to ground propagation. A similar indication of a maximum value 
for attenuation anamolies in this frequency range for ground to ground propaga¬ 
tion has been reported in Reference 7. However, it is quite impossible to make 
accurate quantitative estimates of this scattering attenuation until a valid base- 
ine for absorption losses in a stationary, homogeneous atmosphere are clearly 

defined. 

Atmospheric Absorption Losses 

Atmospheric absorption losses have Iwo basic forms: 1) classical losses associated with 
the change of acoustical energy (or kinetic energy of molecules) into heat by funda¬ 
mental gas transport properties of a gas, and 2) for polyatomic gases, relaxation losses 
associated with the change of kinetic or translational energy of the molecules into 
internal energy within the molecules themselves. 

The classical losses can be further 

• Viscous Losses | 

• Heat Conduction Losses ) 

• Diffusion Losses 

• Radiation Losses 

sub-divided into (Reference 8) 

Stokes-Kirchhoff Loss 



Only the first two components are considered significant for air under normal atmospheric 
conditions and at values of the acoustic frequency divided by the atmospheric pressure of 
less than about 100 MHz/atm. 

Relaxation absorption losses in polyatomic gases are known to have the following forms. 
(A thorough review of the theory of relaxation lusses is given by Kneser (Reference 9). 

• Thermal relaxation between translational energy and vibrational 
energy states of the molecules 

• Thermal relaxation between a close vibrational resonance of two 
different molecules 

• Thermal relaxation between the vibration of one molecule and 
the rotation of a different molecule 

• Thermal relaxation between translational energy and rotational 
energy states of the molecules 

• Electromagnetic relaxation between translational energy and 
allowable energy states of external electrons of the molecule 

For acoustic frequencies below 100 MHz/atm in air, rotational relaxation varies with 
frequency in the same manner as, and adds a small component to, classical absorption 
so that these two components of atmospheric absorption can be considered together 
(Reference 10). As far as is known, electromagnetic relaxation is known to be signi¬ 
ficant for only one common gas, nitric oxide, NO, and then, only at very high ultra¬ 
sonic frequencies (References 9 and 11). 

1.2.3 Ground Absorption Losses 

Terrain effects range from the dissipation of acoustic energy at the boundary of a sound 
wave traveling parallel to the ground to the direct impedance offered to a sound wave 
penetrating a leafy jungle. Limited data on these effects are available and those experi¬ 
ments which have been performed (e.g.. References 4, 12-16) have provided results 
which often conflict with each other largely because of the large number of propagation 
effects which must be taken into consideration. Again, lack of an adequate or consistent 
baseline for the inherent atmospheric absorption loss adds to the lack of consistency in 
the available experimental data. A particularly striking example of this is given in 
Reference 16. Here, the use of an empirical procedure for estimating atmospheric 
losses (Reference 17) has produced misleading results on ground absorption since the 
empirical air absorption method is not defined at low frequencies. Attempts are being 
made to produce on accurate ground absorption model through both theoretical analysis 
and laboratory scaled experiments; however, an accurate base line for air absorption 
will be needed for field calibration and evaluation of such a ground absorption model. 
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1.3 Summary of Balance of Report 

The following section contains a de-;rrmt;™ j ■ 

and molecular effects. A comparison of previouT^I ab?rpfi°n due fo c,assical effects 

is also given. Sedan 3.0 oonToins o descrTpZ d Z " do,° ^ 
The experiment theory and desian are d^rTT J l exPer^ental results in air. 
sented. Section 4.0 gives a tlL ï ^ ^ exPer!mental results are pre- 

in sHl1 air and the following sectiorpresents^'00 ^ atrnosPheric absorption 
to field data. The last section gives a summa! C°?1.Pl°riSOn f this Prediction method 
have been drawn. y °f results and conclusions which 
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2.0 THEORY 

All sonic disturbances lose energy in propagating through air due to the irreversible 
conversion of acoustical energy into heat energy. This energy transfer process may 
be broken down into two types: classical absorption losses which are inherent in all 
gases due to basic gas transport phenomena and molecular absorption losses which are 
associated with resonance phenomena within polyatomic gases. 

At thermal equilibrium, the various molecular energy states of the constitutent gases 
in air are populated according to Maxwell-Boltzman statistics. Although energy is 
continually exchanged between internal and translational degrees of freedom by colli- 
sional processes, the various internal states are time invariant, and since individual colli- 
sional processes cannot be distinguished experimentally, the rate of energy exchange 
cannot be measured for a system at therm- l equilibrium. However, perturbation of the 
thermal equilibrium by a sound wave produces heat adiabatically in the ccmpressional 
phase which is dissipated in the expansion phase. This heat energy is initially in the 
translational degrees of freedom and is then distributed among the internal degrees of 
freedom by collisions and this distribution requires time. If the frequency of the sound 
wave becomes sufficiently high, there may not be enough time in the compressional 
phase for the heat energy to be transferred to some of the internal degrees. When this 
happend the effective number of degrees of freedom of the gas has been lowered. 

For molecular gases, as the sound frequency is increased from zero, the vibrational 
modes are the first to fail to keep in equilibrium. As the frequency is further increased 
the rotational modes are the next which undergo this transition, and when the wave¬ 
length of the sound wave becomes approximately the same as the mean-free-path of the 
gas molecules, the translational degrees are affected. 

Experimental studies of the effects produced by equilibrium perturbation are in general 
called relaxation studies. The relaxation of the vibrational modes has received the most 
study both experimentally and theoretically since usually this relaxation occurs at fre¬ 
quencies which are easily obtainable. For the case of audible sound in still air most of 
the absorption effects are due to the vibrational relaxation of oxygen; however, other 

( processes appear to be extremely important under certain conditions of humidity, tem¬ 
perature and sound frequency. 

The intensity of a plane wave, I, received a distance, x, from the source, I , in still 
air is given by 0 

where a is the total amplitude absorption coefficient and m is the total intensity 
absorption coefficient and is equal to 2 a . This total absorption coefficient can be 
broken into several additative terms as long as the transport properties of the gas are 
not frequency dependent, and the frequency regions important to vibration and rotation 
are not coupled. These conditions are met in the case of air at all frequencies below 
several hundred megahertz. 

9 



The absorption coefficient is then given by 

a = a i + a , 
cl mol 

where a , is the absorption due to classical effects and a i is the absorption due to 
, • i moi the internal structure of the molecule. 

The classical absorption can be further broken down into several parts 

acl = an + + aD + “rad 

where <* is the viscosity effect; is the thermal conductivity effect; exp. is due to 
n * U 

diffusion; and aracj is due to heat radiation. 

2.1 Classical Absorption 

Classical absorption of sound in air is due to the energy losses as a result of the trans¬ 
port properties of gases. These losses can generally be placed in four groups (see for 
example References 16-18). 

• Viscous Losses 

• Heat Conductivity Losses 

• Diffusion Losses 

• Heat Radiation Losses 

2.1.1 Viscous Losses 

The cause of the viscous loss is atrrîbuted to the viscous drag forces opposing "particle" 
motion of sound waves. The absorption due to these drag forces is given by 

a = / 4 g 1 np_ 

H Y Pq c unit distance 

2.1.2 Heat Conduction Losses 

The cause of the heat conductivity loss of energy is due to heat transfer between adjacent 
condensation and rarefaction regions within the gas. The absorption due to these compres¬ 
sions and rarefactions is given by 

a = )-ÍE- 
K y P0 c ^ Cp j un¡t distance 

The sum of the viscous and heat conductivity terms is generally called the Stokes-Kirchhoff 
absorption. 

10 
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2.1.3 Diffusion Losses 

The cause of the diffusion losses is the mutual diffusion (mixing) between the ox/gen 
and nitrogen molecules in air. The expression for this loss is 

a 
= 2tt2 f2 

D " y Pc (radD12p) unit distance 

2.1.4 Heat Radiation Losses 

The cause of the heat radiation loss is due to the radiation of heat from the compressional 
part of the sound wave. The exact formulation of this term has not been determined but 
estimates of its magnitude have been made. Calvert, etal., Reference 19 estimates 
that the radiation absorption due to the 25p infrared band of 's lQr9es^ c°use 
of sound absorption due to radiation. His estimates show that the radiative absorption 
terms is approximately equal to the Stokes”Kirchhoff term at 55 Hz and becomes much 
larger than the Stokes-Kirchhoff absorption at infrasonic frequenci .. So, for absorption 
of audible sound the heat radiation term can be neglected. 

2.1.5 Total Loss Due to Classical Effects 

The total absorption due to classical effects can be written as 

Q! 

- a + a, + a 

2ir f 

TV 

ci n 

2 f2 r 4 

D 

y - 1 
n + ■■ * ■■ * + >'adtV. 

and this expression can be evaluated in terms of the viscosity as 

Oí i1-900^ y P0 c L 

2.2 Molecular Absorption 

The molecular or internal absorption is attributed to the vibrational and rotational 
degrees of freedom of the molecules. The molecular absorption is given by (see for 
example References 16-18) 

»C'(r-i) f2 f, m 
a mol P + P 

m 
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In general the above equation is applicable to any region of molecular absorption by 
proper def.nition of the internal specific heat O . For the case of air at audio-freq- 
quencies, C «s the vibrational specific heat of the diatomic components; however, 
there is also some absorption due to the rotational degrees of freedom even at low 
frequencies (Reference 20). The rotational degrees of freedom relax at very high 
requencies and for the case of air the regions of vibrational and rotational relaxation 

are well separated and the excess absorption due to the rotational degrees of freedom 
can be simply substracted from the total molecular absorption, i.e., 

“mol “vib 4 “rot 

2.2.1 Rotational Absorption 

Inspection of the equation for molecular absorption reveals that at frequencies we!! 
below the frequency of maximum absorption, i.e., f « f 

_ irC'(y-l) f2 
amoi rcT~ 1 

P m 

where m this case fm is the frequency of maximum absorption for the rotational degree 
ot freedom. Also for air the internal specific heat, C, due to rotation is equal to R, 
and Cp and y are given by 7/2R and 7/5, respectively. So 

Ot , ^ rt £- r f rot 35 c f m 

which is valid only at low frequencies, i.e., f« f Values of f can be taken 
from Sessler (Reference 21) or Winter and Hill (Reference 22). m 

Experimental values for the sum of c*c| and ^ for air at low frequencies can be 
predicted from Greenspan's (Reference 10) data as 

“cl + “rot = -TIT [2-50] n 

or in terms of temperature it can be expressed to a close approximation over the norma 
temperature range by: 

“cl + “rot * 18-Ox IO"'2 (1+0.001 T°C) , m"1 

where f is in Hertz and P is in atmospheres 

12 
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2.2.2 Vibrational Absorption 

All that remains to be evaluated is the molecular absorption due to the vibrational 

energy states. Remembering that for temperatures in the range expected outdoors, 
the internal specific heat for Oj and N„ are quite small so that Cp can be closely 

approximated by 7/2R and y by 7/5. The absorption equation due to vibration is then 
given by 

= L—i—1 
avib - 35 R c Lfm/f + f/fj 

and the absorption per wavelength a given by 

x _ 4 it C _1 

avib' 35 R f/f + f/f • 
nv ' m 

The maximum absorption occurs when fm = f and this gives 

9 / _ 4 it C1 
^vib max“ ^max 35R 

It is obvious from this that the maximum absorption due to vibrational effects is only a 

function of the vibrational specific heat which is directly related to temperature. So, 
it is seen that the peak of the molecular absorption curve is controlled only by tempera¬ 

ture. The internal specific heat of nitrogen at room temperature is approximately 0.002R 

while that for oxygen is about 0.03R. From this it is determined that the molecular absorp¬ 
tion in air is due almost entirely to the oxygen content; however, at frequencies such that 

< 0*1 / Sutherland (Reference 23) has shown an anomalous excess absorption which 
can perhaps be attributed to the nitrogen content (Reference 24). 

2.2.3 Temperature and Pressure Variation in Relaxation Frequency 

For prediction of sound through the stratosphere or for sound propagating under unusual 

weather conditions, some rational method is required for predicting the variation in f 

with temperature and pressure. Harris has provided significant data on these effects 
(References 25 and 26). His data on fm at reduced pressure confirm theoretical pre¬ 

dictions that fm is directly proportional to ambient pressure. This variation with pressure 
will be significant when attempting to compute relaxation losses for propagation of sound 
through the atmosphere. 

The absorption equation is given by 

V - 4 TT C 

a!vibA 35 R 

1 

f/p 

f/p fm/p 
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or if we normalize a .. X we have 
vib 

2 (f/P) (fm/P) 

(f/P)2 + (fm/P)2 

Data on the variation in relaxation frequency in air with temperature are not as defini¬ 
tive as those for pressure effects. In fact, an accepted theoretical model is not avail¬ 
able for temperature effects on relaxation frequency in a composite mixture of gases, 
such as air The temperature dependence of fm is still somewhat of an unanswered 
question. Harris (Reference 1) has found a negative temperature dependence, i .e., 
'm decreases with increasing temperature. 

2.2.4 Humidity Dependence of Vibrational Relaxation 

In the introduction five types of relaxation processes are listed. Of these five, two 
have been utilized to predict the humidity dependence of sound absorption in humid 
n i r * “ 

• Thermal relaxation between translational energy and vibrational 
energy states of the molecules 

• Thermal relaxation due to a close vibrational resonance between 
two different molecules 

Historically the first of these processes was thought to be the cause of acoustic absorp- 
tion m he audio frequency range in gases. However, according to the chemical kinetic; 
of bimo ecular coll.cion processes there should be a linear shift in relaxation frequency 
with mole percent of an added impurity, (sec for example Reference 16). Tbïs effect 
has been shown to be true for many molecular collision processes; however, one of the 
first systems which did not obey this simple theory was the case of oxygen and water 
vapor mixtures (Reference 27). The 02 - H20 acoustical absorption data clearly re¬ 
vealed a quadratic shift in relaxation frequency with percent mole ratio of water vapor. 
This anomaly was explained by Tuesday and Boudart (Reference 28) in 1954, using a 
combination of the two above listed types of relaxation processes. Tbey considered 
the following set of chemical reaction equations to explain the anomaly: 

10 

1. O0 + HO ^ O- + H O 
^ 2 2 '01 

20 

2. O. + HO* - 0„ + H.O 

'02 
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3. O* 
2 

+ 

k 
30 

+ 

4. H20* + H20 ^ H20 + H20 

^04 

5. O* + H2° ^ °2 + H2°* 

The asterisk (*) indicates an excited vibrational mode in that particular molecule. 

Of these five equations, the first four represent thermal relaxations between the 
vibrational energy state of one molecule to the translational energy state of the 
other. The fifth equation represents a direct interchange of energy between the 
vibrational mode of one molecule to the vibrational energy state of the other. 
This is considered possible since a near resonance exists between the first vibrational 
energy state of oxygen and one of the bending vibrational energy states of the water 
vapor molecule. 

This analysis by Tuesday and Boudart (Reference 28) did predict the quadratic depend¬ 
ence of the relaxation frequency of oxygen on the mole percent water vapor present. 
It was recognized by others that this type of analysis could perhaps be used to predict 
other systems which might show a quadratic dependence on mole percent added im¬ 
purity. A system which was recognized to exhibit the same general characteristics 
as the system was and in this case the near vibrational resonance 
was much closer than in the case of 02-1^0. Therefore, it was thought that this 
system should also exhibit a quadratic dependence on percent of added impurity. 
Investigation of the O2-CH4 system by Schnaus (Reference 29) and also by Parker 
(Reference 30) showed conflicting results and a further study was made by Evans and 
Winter (Reference 31). The results of Schnaus, and Evans and Winter were very close 
and neither of these experiments showed the expected quadratic dependence. Further 
investigation revealed that in order to obtain a quadratic dependence the impurity 
molecule must be able to de-excite its own vibrations very rapidly which is the case 
with water vapor but is not true with methane, i.e., in the fourth chemical rate equation 
the rate constant k40 is very large. 

15 



The analysis by Tuesday and Boudart has been extended by Henderson and Herzfeld 
(Reference 32) to explain the relaxation frequency of air as a function of mole percent 
water vapor. Their work still did not fit the experimental data exactly, and Monk 
(Reference 33) further extended their work. Henderson and Herzfeld considered these 
following chemical reactions in addition to the ones considered by Tuesday and Boudant 
to explain the relaxation in air. Monk re-evaluated the rate constants to obtain a better 
fit to the experimental data. 

60 

6. °2 + N2 ^ 02 + N2 

70 

7. H20* + M2 ^ H20 + N2 

The fina!, expression by Monk appears to fit the experimental data over a large range 
of humidities and is given by: 

F = 1750h + 61400h fl:'? + l°h 1 
m L 10.4 + 10h J 

Monk has suggested that the preceding equation can be closely approximated for 

38,600h 1,45 

However, close inspection of the accumulated data of Knotzel, Pennsylvania State 
Umversity, bvans and Beazley, Pohlman, Harris, and Monk (References 25-26, 
34-38) as shown in Figure 3 reveals that 

40,000 h 1 A5 

is a better approximation over a wider humidity range. 
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Figure 3, Observed Relaxation Frequency in Air 
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2.2.5 Comparison of Previous Molecular Absorption Data with Theory 

mJfhe Prec«din9 ^ñiques ^ defining ^ and fm , ,he detailed results of 
Harris Reference 1) and Horns and Tempest (Reference 26) have been analyzed The 

dictTan Ih a,ar r°mpaured Fi9Ure 2 Wi,h Knœer's (Ref=œnce 9) theoretical pre¬ 
diction (smgle relaxation theory). It appears that theory does indeed predict the ? 
observed results very well for f/fm> 0.3 but that below this normalized frequency the 

added' ? ° °"6 S>!temaMc deviation. The latter can be described by an 
added ,ss term which vanes directly with the first power of frequency instead of the 

Õ descr-rth' d rP ^ expression, shown in Figure 4, has been developed 
to describe the data over the entire range of f/fm for which results are available. 
Several points should be emphasized about the results in Figure 4. 

1) A careful analysis of the data (based on smoothed values presented 
by Harris and Tempest) rejects the possibility of simply adding a new 
mear term. This would have caused a significant deviation, on the 

order of 20 percent, between data and theory for f/f % 0.3. 

2) The norma ized data for f/fm < 0.05 are insensitive to t . The latter 
is a normalizing factor in the denominator of both abscissa and ordinate 
scales. Thus, any change in fm causes the normalized data point to 
shift along a line with the same unity slope as the empirical line. This 
indicates that the anomalous loss is insensitive to humidify content. 

3) There is insufficient data to validate the accuracy of the empirical 
expressions for f/fm > 3. 

4) A brief review of other published data on laboratory measurements of 
air absorption indicates a similar trend to that shown in Figure 4. 

5) The empirical expression shown in this figure is only one possible form 
that rmght be used. An alternate form might consist of an added linear 
(w'th frequency) term which approaches a maximum value near a value 

y'rn — ^ • 

6) There is no available theoretical guidance for selection of any one 
empirical form. 

The Papóse of this study was to Investigate this anomalous low frequency sound obsorp- 

aation and the dT '“T' r°f ll,eratUre experimental invest 
Id ' ?dn* of a !et of equations to predict the absorption of audible souna m stiII air. 

i 
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3.0 EXPERIMENTAL RESULTS IN AIR 

Of the different types of absorption mechanisms applicable to air the only two which 
were tho ht t0 p^ibly have beQrir)g on fhe |ow frequency 

radiation or an, as yet, undefined molecular absorption. Effects of heat radiation 
on sound absorption ,n ysses has not been extensively studied experimentally. However 

must be'd Tb 6 -hf lf ,heat.radiLafion is the “tse of the anomalous absorption then it ' 
ust be due to an infrared active band in one of the polar molecules in air, i e carbor 

dioxide, water vapor, or ozone. Neglecting ozone, the principle regions —ble 
are expected to be the rotation and 6-p bands of water vapor, and the 15-u band of 
carbon dioxide (Reference 19). These regions do not overlap to any great degreÍ a 

e,r contributions to the acoustic absorption will be additive. Adding to Kyk 
Refe ence 39) of these two molecules, the most important is water vapor since iMs 

usually present ,n larger quantities than C02. This indicates that if the anomalous 
absorption in a,r is due to thermal radiation then the effect should also appear In 
oxygen-water vapor sound absorption data. Figure 5 shows the O,-H,0 data of 

rat ~ the d r-“' Í|ekeTCe|26) °nd lf iS app0rent ,hat at low normalized frequency 
at,as he data ,s well behaved and is well described by single relaxation theory Thi. 

then eliminates thermal radiation as a cause of the anomalous low frequency 0^0^ . 

dHueVÍtno9móu'TfedFa" thC par,= °! claSSical absorpMon thi‘ '«ves only relaxation effects 
the molecular absorDt'rP,'°n ’ • S HOS tee" p0ln,e<i out' “'/gen is responsible for most of 

e molecular absorption m air. However, since the low frequency anomalous absorp- 

âniflcãn y o' A ' I* 0bs°rp,i°n peol< :s felt "’at Perhaps nitrogen may also contribute 
significantly at the lower frequencies. To closer investigate the low frequency absorp¬ 
tion an experiment on sound absorption in humid air was performed. P 

3 • 1 Experimental Theory 

To determine the vibrational relaxation in air at audio frequencies several diff^nt 

^¿TrTh«et0ken I "7 methCLd WhiCh aPPMred greatest chancT^ ot success for these experiments was the reverberation technique. In this technique 

°f|S°U] 0l;SOrpMOn in a r00m is u,:li2ed ,0 determine the absorption due 
luanrit T molecuular .s,ruc.,ure °f ^e air inside the roam. The measured physical 
o1 a o' y % * re''erbera,lon ,lme which is a measure of the time needed for a sound 
o. a given frequency to decay to 60 dB below its original value. 

The length of the reverberation time is a function of the absorptive qualities of the 
surface areas of the boundaries of the roam, the volume of air in the ro™ and he 
internal molecu or structure of the air. The rate of decay of diffuse sauTd'energyls 
fhen given by (Reference 40) energy is 

dt 
volume i®, 

air 

11 
dt = 0 

surface 
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Figure 5. Comparison of Laboratory Measurements of Molecular Absorption Lots with Single Relaxation Theory 
for Humid Oj. From Harris and Tempest (Reference 26) 
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or this can be written as 

xca 
— + mcV* + ^ = 0 

IS 
The solution to this equation in terms of the intensity 

I = i e - (m + a/4V) c t 
*0 e 

quantity is ,he reverbera,,on ,ime - 

lo9,0 = 0-434 (m + a/4V) ct 

and since 

dB = 10 log (Io/I) 

# dB - 4.34 (m + a/4V) c t 

The rate of decay in the room is then 

#dß/sec = N = 4.34 (m + a/4V) c 

Where N (the rate of decay) is the experimentally measured quantity. 

in the above equation the unknown quantities are the total intensity absoration m 

« u 'a Zh ;e ,0 ' 6 Wal! ^4V- calculate V4V presse' 
values of both the volume of the room and the surface absorption coefficient! are 

diWodl To exper,men,ally find Precise values for each of these quantities is a 
d.ff.cult task; however, the ratio itself may be found very precisely. 

If one considers a monatomic gas, there is no internal structure to absorb the sound 

R = N/4.34C 

where m can be subdivided info 

m + a/4V 

m = m . + m . 
cl mol 

The quantity md is the absorption due to the classical effects of the molecules, and 

mmol ls flle a,JSOrp,'on due t0 the internal structure of the molecules. So, if thé decay 
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rate is measured in the room when it is filled with a monatomic gas, or a molecular gas 

which does not exhibit absorption due to its internal structure, then the intensity absorp¬ 
tion due to internal structure of the gas of interest will be the difference between the 
two experimentally determined intensity absorptions, i.e., 

R ,= R - R 
mol cal 

where Rmoj is the intensity absorption due to the molecular structure of the gas of 
interest, R is the total absorption in that gas, and R__i is the intensity absorption 
in the calibration gas. 

In the case of air, pure dry nitrogen has the best characteristics for the calibration gas. 

There is very little mass difference between nitrogen and air so the impedance match 
between the gas and room walls should be the same for both N and air. Also, pure 

dry nitrogen does not exhibit any relaxation effects due to its internal structure in the 

audio frequency range. Since air is composed of approximately 80 percent nitrogen 

the absorption due to classical and rotational effects can be taken as equal to that of 
air. There is some slight difference between the two but the difference should always 
be very much less than the experimental error and can therefore be neglected. So 
for air 

or 

R . 
air 

R 
N, 

mol 
(rn 

I + mmol + a/4V)cir - (mcl + ^4V) N„ 

Rmol = mmol = N/4'34c = N/4.34ÍX 

The total intensity absorption per wavelength, p is then given by 

mmolX 3 ^ 
N • - Nm air Nj 

on 

3.2 

where f is the frequency at which the decay rates are measured. 

Experimental Design 

In order to make accurate experimental decay time measurements, a room is needed 

in which the external parameters can be precisely controlled. For this set of experi¬ 
ments a large space simulation chamber was utilized (Figures 6 and 7). The volume 

of the chamber was approximately five hundred cubic feet and it was constructed of 

aluminum which has a small surface absorption coefficient. The chamber had vacuum 

capabilities which were desirable for removing the ambient air so that pure dry air 
could be used. 
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Figure 6. Reverberation Chamber 
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b devi;ed :d ,hree humidi^— 
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3 -3 Experimental Results 
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constant value of approximately 0 1 This c • ! freguency values approach a 

coefficients are indepenrnt 0 hgmidlt 7 r ^ lndiCafe! ,h°’ ,he 
tien peak. of h™,d,ty af law frequencies in relation to the absorp- 
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This differs from the fit Sutherland (Reference 23) made to Harris' smoothed data, only 
in the numerical coefficient of the first term. Again, one must remember that there 
is no theoretical basis for this type of empirical fit. This is just a modification of the 
single relaxation equation which seems to predict the general trend of the observed 
sound absorption data. 

Since classical effects have been eliminated as a cause of this anamolous adsorption 
and since single relaxation theory does not describe all of the data, the next step is 
to assume that there is another relaxation process occurring. Inspection of Harris' 
data and the present data both revel that this may well be the case. 

Classical, rotational, and vibrational absorption for oxygen have all been substracted 
from Harris' air data and the remainder fitted to single relaxation theory assuming that 
the peak is caused by the nitrogen content. The results of this effort are shown in 
Figure 20 as a plot of the relaxation frequency of nitrogen versus the percent mole 
ratio of water vapor. Even though the values are quite scattered the results do show 
a significant shift in the relaxation frequency with increasing humidity. The best 
straight line fit to the data is given by 

(4l)n! ä 45oh 
where h is the percent mole ratio of water vapor. At this time this technique has 
not been applied to the air data from the present study; however, absorption measure¬ 
ment were made in humid nitrogen at room temperature which can be compared to the 
results from Harris' air data. 

Figures 21 and 22 show this humid nitrogen data and the "best fit" to single relaxation 
theory. Two fits have been made in Figure 21 - one putting the curve through the 
greatest number of points and the other fitted to the peak of the curve. There is con¬ 
siderable difference between the relaxation frequencies predicted by the two different 
fits, in Figure 22, only one fît to theory is made. 

While there is considerable scatter in this humid nitrogen data, the data does show a 
definite relaxation trend and that the peak is shifted by water vapor. As far as these 
authors know this is the only humid nitrogen data at room temperature. When compared 
to the nitrogen values reduced from Harris air data the relaxation frequencies are some¬ 
what below those predicted by the fm/P = 450h curve. 

3 .3.1 Calculation of u 
rmax 

All of the absorption data from this experiment was normalized by dividing the measured 
values, p, by the maximum values, pmax. The difficulty of this technique lies in 

determining the correct values of the relaxing specific heats. The magnitude of the 
absorption coefficient is given by 
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of Water Vapor as Reduced from Humid Air Data 
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4 TT _C 

^max 35 R 

where C is the internal or relaxing specific heat of the molecule in question . In 
the case of oir it is well known that this internal vibrational specific heat is that of 
oxygen. 

It is common practice to use the Planck-Einstein relationship 

_C1 .. (±\ e9/T 

R ' T * (e0//T - I)2 

ro predict the vibrational specific heat of diatomic molecules such as CU. However, 
there are errors inherent in this technique. ¿ 

The Planck-Einstein relationship was derived for a simple harmonic oscillator and does 
not consider the unharmonicity which a real molecule may possess in its vibrational 
modes. Another error which is inherent in the use of the Planck-Einstein relationship 
is that 0, the characteristic temperature of vibration, differs slightly for the different 
isotopes of a given molecule. 

If accurate experimental data is available for a given molecule, then the internal 
specific heat may be determined from these values. From kinetic theory the principle 
of equipartition of energy reveals that any degree of freedom of a molecule which has 
a squared term in its energy contribution - i.e., kinetic energy = l/2m v2 or 1/2 I u2 
or potential energy = 1/2 K x2 - will contribute 1/2 R to the specific heat when fully 
excited. For a diatomic molecule such as oxygen the degrees of freedom which fit 
this criterion are 

• Three translation degrees 

• Two rotational degrees 

• Vibrational degree due to kinetic energy 

• Vibrational degree due to potential energy 

This then means that 

C ) = 3/2 R 
V trans 

Vrot 

Vvib 

R 

R ; 

however, it must now be determined which of these degrees are fully exicted at the 
temperature of interest. 
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lí IS well known that the translational degrees of freedom are 

normar ^ r0,0,i°'’d Usuall), 
normal ambient températures. This then indicates that 

completely occupied at 
are fully occupied at 

Cv)trans f Vrot = 5/2R 

If accurate experimental specific heat data Is available 
heat will be ' then the vibrational specific 

V vib 

or as is usually the case 

Vexp 5/2 R 

CP) 'k r VID CP) r exp - 7/2 R = c 

Figure 23 shows a plat of avialable maximum absorption data for air „ r .- , 
temperature. It is obvinnc tbof t-U« ■ i aara ror a r as a 'ur,ction of K _u,u c. n is ODvious that the experimental values of C nlv* r-i l 
ever, in the case of oxyaen the Plnnr-U P- * • i x- i . ^ 6 ^ow_ 
rjx fU j . r rlanck-Einstem relationship mu tiplied bv 1 05 nlcrs 

tbh°d'- Ä 

EinstTin re^ationshIfTgiv65^ett^ resliIts^han3^th* ^ ^ ^ Planck' 
data. In fitting the data in th ! lable exPerlme^a' specific heat 
taken from Reference 41 while the ° exPer'ments the oxygen specific values were 

relationship ' ^°96° data were fl^ed ^ing the Planck-Einstein 
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Figure 23. Maximum Absorption in Air as a Function of Temperature 
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F'gure 24. Maximum Absorption in Nitroç, 
en ® Function of Temperature 
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4.0 TENTATIVE PREDICTION METHOD FOR ATMOSPHERIC ABSORPTION IN STILL AIR 

Quite often in practical engineering problems it is important to be able to correct 
outdoor sound level measurements for the effects of atmospheric absorption. As has 
been previously pointed out effects such as thermal inhomogeneities, turbulence, dust, 

ground reflections, scattering, diffraction, and inverse square law spreading are 
all mechanisms which can change the character of sound propagation from laboratory 
predictions. However, laboratory predictions of the classical and molecular absorptions 
can be applied with success to a still atmosphere. The ability to make such a correction 
depends upon the available meteorological data. If for noise measurement from aircraft 
flyovers the temperature and humidity are known as a function of altitude then the at¬ 
mosphere can be broken into layers. If on the other hand only ground meteorological 
data is available some information is still obtainable but not with the same reliability 
as when the ve tide profiles are known. 

To make corrections for classical and molecular effects the temperature and water 
vapor content are both needed. Usually the water vapor content is either given in 
percent relative humidity or as the dew point. If the dew point temperature is given, 
the relative humidity can be obtained by referring to tables such as those in the 
Handbook of Chemistry and Physics (Reference 42). The water vapor content is 
actually needed in the percent mole ratio of water vapor in air. This can be calcu¬ 
lated from the relative humidity by 

H 
h = 

Over the temperature range of 32°F - 77°F (0°C - 25°C) this can be reduced to 

H 
h = 

- 0.0665T 
(5.6) [30 - T/10] e - 1 

where T is in degrees centigrade. 

Next calculate the frequency of maximum molecular absorption from the relationship 
given by Monk (Reference 35) 

f = 1750h + 61400h m 

and then calculate the value of maximum molecular absorption per wavelength by 
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M_= (0.079)/ 
2239 e2239/T 

max 
/ 2239 \ 

( T ' 

where T = temperature in °K. 

(e—/ ■ _ ,)2 

Now calculate the maximum molecular absorption at any frequency f by 

n'/2 
/ H * / r max m 

.607T). 

“moi = c-32) (0.18 f/fm)2 + 
2 <f/fJ2 

' + (f/U2 m 

2 172 
\ max ^m \ 

/ \ (331.5 + 0.607T) / 

where T is in °C and the units of are in dB/ft. 

frequency0^' byS°rpHOn plUS the rotational abs°''ption can be calculated at any 

a 
cl rot 47.7 X 10"12 (1 + 0.001 7) f2 

where the units are dB/ft and T is in °C. 

The total atmospheric absorption in dB/ft is then 

a 
total °mol + acl + a rot 

There are ¿sverai points in this prediction scheme at which errors are inherent. The 
argest error .s probably due to not knowing the temperature dependence of the fre- 

quency of max.mum absorption. This is an area in which further experimental work 
is needed. Also the amo( expression given is that from Harris' data. This has been 
use the C02 content was well documented. Another small error is introduced 

orocedurl !hn UCk fÍnMeÍn relaf?0nshiP Predlct Hmax . However, the outlined 
procedure should be fairly accurate over ti e temperature range 0 C - 30°C. 
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5.0 FIELD DATA 

The ultimate utilization of the prediction scheme given in the previous section is to 
correct field sound data for molecular and classical absorption. The prediction method 
given would work very well in a still atmosphere with no temperature or humidity 
gradients and it would also work wel I if these gradients were known . 

In Figure 25 the verticle temperature and humidity profiles are shown for two different 
times of day. These were taken horn actual data supplied by ESSA for Pendleton, 
Oregon (Reference 43). Also shown are the molecular absorption coefficients as a 
function of altitude for the two different times of day. As can be readily seen, ground 
measurement may have little or no correlation to values at higher altitudes. Figure 26 
shows the molecular absorption coefficient as a function of height for two days approxi¬ 
mately three months apart. These were also calculated from actual meteorological data 
for Pendleton, Oregon. 

In Figures 27-32 the absorption coefficient in dB/1000 feet versus frequency are shown 
for several sets of field data for which only ground weather data was available. Figure 
33 shows a plot of humidity versus temperature with different data sets grouped together. 
The number of these groups corresponds to the numbers on the absorption versus frequency 
curves. The meteorological data is averaged over these individual groups for analysis 
purposes. The line on the plots has been calculated from the method outlined in 
the previous section; while, the amoj + ac| line assumes that oxygen alone has mole¬ 

cular absorption. Several of the plots show fair agreement with the prediction method 
and the agreement is really outstanding when one considers that only ground meteoro¬ 
logical data was available. The plots do show that a molecular absorption prediction 
scheme which only considers oxygen as having internal absorption will not give large 
enough values, particularly at low frequencies. 
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-09:45 PST 

-17:00 PST 

Figure 25. 

a, Absorption Coefficient, dB/1000 ft 

ESSACS;LPr0pl'7f,WeaÍer 0nd ï',,pu,e<i A,mosPheri’: Absorption Coefficient for 
/ ©ndleton, Oregon, Over 7 Hour Time Span on October 22, 1969 
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6.0 SUMMARY AND CONCLUSIONS 

i^air andSrf ^ '^e low frequency sound absorption anomaly 
and to produce a set of engineering equations which would predict the total 

XT b0,h T“'“1 a"d m0leCUl0r " f-ctio^of hlmidity and 
possibly temperature To accomplish these goals an extensive literature survey was 
madeja set of experiments was performed, and a tentative se, of equations was 

The important results of this study can be summarized as follows: 

' of 7ry ÕiMReference^T ^ ^ ^ ^ relaXa,i°" freqUenCy 

Íey ATpiinTÉinst^'rebttlns”^ 

• líifTtk definlfely !ome 0,her molecular relaxation mechanisms 
other than oxygen active in air at low frequencies 

• Thermal radiation has been ruled out as a cause of the low 
frequency absorption anomaly 

e The low frequency absorption anomaly is most likely due to ■ 
nitrogen 7 

• The low frequency absorption in air is humidity independent but 
the magnitude of the absorption coefficients at low frequencies 
are not consistent from one set of experiments to the next 

• A tentative set of engineering equations has been developed 
which will predict the absorption coefficient of sound accurately 
as a function of humidity over a small temperature range 

• This prediction scheme has been utilized to find the absorption 
coefficients as a function of altitude for real weather conditions 

This prediction scheme has also been utilized to analyze field data 
w en only ground weather conditions were known with fair accuracy 

• Low frequency sound absorption measurements have been made on 

predicted"0960 ^ ^ temperafure and the relaxation frequency 
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I!:: t '1- KnuHdsen (Re,ere"«27>' 
explain ,ha observed abSorptian fcand l AN 

appear >a become independen, of humidity in the id ro’oot b t th ^ 

fades of the absorption coefficients ore all diffe^ dota d^îo"”9"" 
approach a constant value of normalized absorption of 0 4- Home'« f l 

0.2; and Evans and Sutherland's doto opFooTes o value of O K 

Ir "¡â™11»'!hou0h' b/ 'bese authors tho, a relaxation in nitrogen catalizad by 

so different dona Ns^d'ff *'• frequenc>' ab!orPlion, but since the values are 
fferent among the d.fferent mvest.gators it is now felt that perhaps some other 

is SNII fehtho? he UC “ V 2fmay be ,0 ca,alUe ,he excess absorption. It 

jj..—-ÄSsTÄSsÄ^isr- 
cous of the ow frequency anomaly. This vibrational resonance of N, one CO is 

in=^orC0 wau|9d bPe7oer T* ^ A WOy chdk the im^t- i i i 2 uld be perform a set of experiments in which the CO/-, content rr,n 

C02 r n efficient col Ns,haS 'T ^ ^ ^ ^ ^ 46 2 's an efficient colusión partner to de-excite vibrationally excited O h.,f 

rXuTdotrpti^i^"'00 effeCt IS n0’ " expla'n ?he anomalous 

Experimenta! evidence has appeared in the literature that leads these authors to 

the reToxo,” T7 ^ 'ikra,ion-'™">l«tion relaxation processes used to determine 
the relaxation frequency dependence of air on water vapor canten, may indeed bT 

túreT.'7;ravTdde Âr0“““- ^ b' ,rUe low '«"P— 

• A negative temperature dependence found by Harris for the 

relaxation frequency of air for room temperature and below, 

i.e., as temperature, increases the .elaxation frequency 
decreases (Reference 1) 

• toermPeSU;eJndependenCe found b>' Knofzel in aîr for 20 C - 55 C (Reference 36) 

• Work by Cottrell which shows strong possib:lities for vibrati 
to rotation energy transfer (References 47-50) 

on 

Work by Mil liken and Osburg which reveals that para-hydrogen 

^Xr^rÄ^;rer for Mrb°" —tb-k 
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The combined work of Harris (Reference 1) and Knotzel (Reference 36) indicates 
that perhaps the relaxation frequency in air as a function of temperature is showing 
a minimum value. This is contrary to the Landau-Teller (Reference 16) theory which 
predicts that the relaxation frequency should vary linearly with V'A. Cottrell's 
(References 47-50) work with rather exotic molecules indicates that there are many 
cases in which vibration to rotation energy transfer is much more probable than 
vibration to translation energy transfer. Mi I liken and Osburg's (Reference 51) results 
indicate that rotation must be very important when H2 is used as an impurity collision 
molecule with carbon monoxide, since the only difference between parahydrogen and 
orthohydrogen are the rotational energy levels available for occupation. All of these 
things appear to be indicating the importance of the vibratiorwotation energy transfer 
process as one of the controlling mechanisms for the temperature dependence of the 
relaxation frequency of air at audio frequencies. 

As outlined previously the frequency of maximum absorption as a function of humidity 
has been rather well defined by Monk as: 

f = 1750b + 61400b 4 ;°M 
m L 10.4 + 10h j 

However, this equation is valid only for 20°C temperature. The only credible experi¬ 
mental data available on fm at other temperatures are those of Harris (Reference 1) 
and Knotzel (Reference 36). 

Harris has found a negative temperature dependence for f over the temperature 
range of -40 C - +20 C; whereas Knotzel found fm to be essentially independent 
of temperature from 20 C - 55 C. These two different sets of experiments can be 
taken to be conflicting, or assumed to be correct and indicating that perhaps a 
minimum or inflection point is occurring in the fm versus temperature curve. 

If it is assumed that the previous work is correct and that a minumum is occurring in 
the fm versus T curve, then this may lend credence to the possibility of a vibrational 
to rotat.ona energy transfer process as the controlling mechanism (or at least as a 
major factor) of the temperature dependence. For molecules such as Ho, HoO and 
other hydrogen containing molecules there is usually at least one principal axis of 
rotation about which the moment of inertia is rather small. This means that this 
rotational degree-of-freedom is highly quantized and is capable of high rotational 
(tangential) velocities in a discrete quantum state. In fact, it is possible for the 
rotational velocity to have magnitudes as great or greater than the translational 
velocity of the molecule. This indicates that in a collision with a vibrational excited 
molecule the probability of a vibrational to rotational energy transfer may be as great 
or greater than a vibrational to translational energy transfer. 
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!PaCinS 0f ,h' '""Or l'V'1* of mod« of o molecol. oro g,v.n by 

E. = j 0 + » K e 
J r 

cWfiristic'^ZiofT^r^ by " B0"2m0r’'! C0O,,On,' 6r " the 

8 = -/1 . 
c 2Ki 

where /. ¡j Planck's constant and I is the moment of inertîn TK« l it 
population for a given temperature is given by ° 9rea,e” 

Jn “ ( 28 ) 
r ' 

where T is the absolute temperature. 

'/2 

The tangential velocity of an excited rotational mode at a qi 
given by given temperature is then 

2 Jn (Jn e I) K 8r 

m 

where m is the mass of the molecule. 

r°bahl* translational velocity from the Maxwell veloc 
• 5 given Dy ity distribution 

v2 = 2 K T 
m 

The ratio of the tangential velocity to the translational velocity is then 

Jn H, + » 0r 

T 

I 

I t t 



If we now consider water vapor whose three principal moments of inertia are 

I = 1.0224 X 10"40 
a 

Ib = 1.9180 X IQ"40 

I = 2.9404 X 10"40 
c 

and using the smallest of these gives: 

40 Jn <J„ + '> 

This ratio indicates that the rotational tangential velocity and the translational velocity 
are very nearly equal over a fairly wide temperature range. 

This ratio also indicates that the probability of vibrational energy transfer to a 

rotational mode is as great as the probability of transfer to a translational mode; 
however, this in itself does not predict the lessening of collision efficiency as is 
indicated by the observed negative temperature dependence. 

Considering the nature of the collision processes, one sees that when a vibrational 
quanta of energy is transferred to a rotational mode of a different molecule the rapiaity 

with which this process occurs is dependent upon the rate of de-excitation of the 
rotational I y excited molecule, i.e., the rotationaliy excitable molecule must be 

made available to absorb another vibrational quanta. The theory of Raff and Winter 

(Reference 52) for homo-nuclear molecules, the theory of Zeleznik (Reference 53) 
for polar molecules along with the experimental work of Winter and Hill (Reference 

54) and Evans etal., (Reference 59) all indicate that as the temperature is increased 
the rotational relaxation frequency decreases, i.e., the rotationaUtranslation energy 
transfer process becomes less efficient with increasing temperature, or another way to 

explain the phenomena is that more collisions are necessary before an energy quanta 

can be transferred. The work of Evans et cl., (Reference 39) also indicates that the 
greater the dipole moment of a polar molecule the larger the negative shift of the 

rotational relaxation frequency with increasing temperature. Since water vapor has 
a very large dipole moment a similar shift would be expected with temperature. The 

meaning of all of this as related to humid air is that as the temperature is increased 

the water vapor molecules become less and less available to absorb vibrational energy 
quanta by its rotational degrees-of-freedom . This means that the relaxation frequency 
could very well decrease with increasing temperature as is indicated by Haris's experi¬ 
mental data. 

gm cm2 

gm cm2 

gm cm2 
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Pursuing this line of thought even further, os the temperature becomes higher, the 
translational velocities become greater, and can more easily interact with the vibra¬ 
tional modes. This could mean that a minimum may occur in the frequency of maxi¬ 
mum absorption versus temperature curve. Then a positive temperature dependence 
may be observed. It should be pointed out that such a minimum has been observed 
in CO2 - N2 relaxation data (Reference 45). 

Essentially, this is postulating that the previous temperature dependence found by 
Harris and that found by Knotzel may be correct. The rate controlling mechanism 
at low temperatures would be a vibration—rotation—translation collision process; 
whereas, at higher temperatures the rate controlling mechanisms would be a vibra¬ 
tional—translation mechanism . Further experimental work is clearly needed to help 
clarify these mechanisms and their relationships to sound absorption in humid air. 
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